In the nephrotic syndrome, loss of plasma protein and resulting reduction of colloid osmotic (oncotic) pressure in the presence of sustained hydrostatic pressure could cause an accumulation of interstitial fluid (1, 2) . This simple hypothesis, however, neither accounts for periodic release of edema fluid nor for other features of the nephrotic syndrome which suggest disturbance of the organization of intracellular fluid. To what extent is the kidney implicated? An obvious approach to this question is the examination of renal responses during edema and during diuresis, keeping in mind the possibility that abnormal circumstances other than hypoproteinemia may be operating behind the kidney and require alteration of the usual pattern of renal control of removal of water and electrolytes in the urine.
The retention of sodium and water with accumulation of edema fluid exemplifies this alteration of renal regulation. However, it is the purpose of this report to suggest that during nephrotic edema sodium retention may represent a homeostatic response conditioned by many factors, among them the failure of cells properly to transport or retain potassium. In this sense, .sodium retention may be an effective compensatory alteration rather than a disorder of kidney function.
Twenty years ago other workers (3) indicated the existence of two schools of thought concerning nephrotic edema: one emphasized the importance of specific kidney or tissue disturbances in the production of defective electrolyte regulation; the other maintained that fluid retention and abnormal electrolyte behavior could be explained solely on ' This study was supported by grants from the National Institutes of Health, U.S.P.H.S., Bethesda, Maryland.
2Postdoctorate Research Fellow of the National Institutes of Health, 1950-52. 8 Fellow of the Kellogg Foundation, 1950-51. Present address: Hospital for Sick Children, Toronto, Ont. the basis of plasma protein deficit and resultant decrease in oncotic pressure. They found that although quantitative adjustment to sodium loads was limited in the nephrotic patient, qualitative similarity of sodium balance during brief periods of oral electrolyte loading was found in a nephrotic and normal subject; they therefore suggested that the data do not support the concept advocated by Widal and Javal (4) of specific renal defects in the excretion of chloride, or, as suggested later by Magnus-Levy (5) and Blum and Van Caulaert (6), of sodium. Other balance studies in edematous nephrotic patients emphasized that the retention of sodium and chloride loads, administered for longer periods of time, was in proportion to the extracellular fluid concentrations of these ions (7, 8) . These observations were considered to provide further support for the oncotic hypothesis.
As a result of more precise measurements of kidney functions, the net retention of ingested or infused sodium is thought to result from limitation of sodium excretion and has been explained on the basis of a "glomerulo-tubular imbalance" (9, 10) . This hypothesis suggests that either reduced filtration, permitting prolonged contact of the filtrate with normally active tubular cells, or excessive tubular activity relative to the level of glomerular filtration, or both, lead to excessive reabsorption of water and solutes.
The qualitative similarity of ion excretion by the normal subject and by the nephrotic patient has continued to be generally accepted. The 
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.a e . excretion by the edematous nephrotic patients and not by normal subjects (11, 12) . In order to re-examine the mechanisms of excretion of sodium, potassium, and water in the nephrotic syndrome, infusion of a sodium plus non-reabsorbable anion load was chosen as a device for promoting active renal tubular transport of these ions and water. A large quantity of non-reabsorbable anion in the luminal fluid requires chemically equivalent amounts of cations and limits the reabsorption of water. Under these conditions cations may be provided by secretion of hydrogen or potassium ions, or by a decreased reabsorption of sodium. Since the renal capacity to excrete large quantities of hydrogen ion during this type of load is rather limited, the excretion of sodium and potassium is rapidly augmented.
When the sodium salt of a non-reabsorbable anion is infused in the normal subject, the anion is promptly excreted with an almost equivalent amount of sodium (13) (14) (15) (16) . Since the edematous nephrotic patient has some limitation in the rapid excretion of sodium, it might be expected that a non-reabsorbable anion load would place the cellular cation exchange mechanisms in the renal tubule under stress. If the limitations to excretion of sodium were not overcome, presumably markedly increased potassium excretion would result. Some of the excreted potassium might be derived from the intracellular compartment (17, 18) . Since depletion of potassium content (of muscle and kidney) (19) is thought to occur in the nephrotic syndrome, further sacrifice of this intracellular ion to meet cation requirements for solute excretion would suggest either some predominant factor obligating sodium reabsorption or a defect in cellular economy favoring potassium loss. If excessive potassium excretion depended upon excessive sodium reabsorption as a result of "glomerulo-tubular imbalance," this effect might be expected to disappear during and following diuresis when glomerular filtration rate rises and sodium excretion is abundant. Accordingly, observations on effects of intravenous sodium loading were made over a threeweek period in the same nephrotic children during accumulating edema; during administration of a ten-day course of adrenocorticotrophic hormone (ACTH) which produces an almost predictable diuresis in a large proportion of nephrotic children (20, 21 ) ; at the onset of diuresis; and finally, when non-edematous. The studies were designed: 1) To compare the excretions of sodium, potassium, and water in the nephrotic with those observed in normal subjects under similar loading conditions; 2) to determine whether the tendency to excessive potassium excretion was the result of increased sodium reabsorption; 3) to relate renal and extrarenal transfers of potassium; and 4) to determine whether alterations of ion transport by the kidney might represent either (a) effective function in defense of body composition in the presence of a primary glomerular membrane lesion, plasma albumin loss, and simultaneous changes in body tissue cell structure and function, or (b) impaired kidney function. Control subjects were studied for comparative purposes.
METHODS
Three control "normal" 4 and four nephrotic5 children were studied. All subjects had been confined to bed and each consumed an ordinary hospital diet without added salt ( second sodium plus non-reabsorbable anion load, was then administered with inulin and collections repeated according to the same schedule. After withdrawal of the control blood specimen anaerobically, subsequent blood specimens were obtained from a second indwelling needle, through which 0.15 M NaCl was being infused slowly,s at approximately 30, 60, 90, 120, 150, and 180 minutes. Since repeated venipunctures were not required, the children usually remained calm during the three to four hour study period. The children were not premedicated with potassium salts, and the infusate solutions were potassium-free.
Urines were collected in volumetric cylinders and volumes including wash estimated to 0.1 ml. Standard methods of analysis for inulin (23) , p-aminohippurate (24) , and thiosulfate (25) were used with some micromodifications. Sodium and potassium were measured on an internal standard flame photometer (26) , and chloride in urine by a modified Volhard technique (27) . Electrolyte composition of the infused solutions was determined by analysis. Serum proteins were measured by micro Kjeldhal analysis. Serum carbon dioxide content was determined manometrically (28) , and pH, colorimetrically (29) .
CALCULATIONS
Surface area was taken as the most reasonable basis for comparison of subjects and was estimated from a nomogram constructed from the DuBois formula using height and weight. In edematous nephrotic children height and post-diuresis, non-edematous weight were used in surface area calculations in order to afford a better estimate of metabolic mass. Non-edematous weights were obtained at the time of the last study in each patient.
Corrections for serum water and binding equilibria.
All analytic serum values were corrected for calculated water content derived from the total serum protein concentration and binding equilibria. Serum water was estimated from the total serum protein concentration according to the formula:
Gibbs-Donnan and other effects which modify the movements of solutes across a semi-permeable membrane and exert a constraining effect on movement of the solvent are here considered under the term "binding equilibria." Equilibrium factors are unknown for sodium, potassium, and other ions in the presence of the abnormal serum protein of sera from a patient with nephrosis. Accordingly, an empirical binding factor for sodium was approximated from the average value found for twenty-five samples of simultaneously obtained serum and ascitic fluid from 6 Disconnecting the adapter at the needle and allowing two to three drops of blood to flow from the hub prior to inserting the collecting syringe seemed to obviate all but infinitesimal errors of dilution or contamination in serum sodium measurements. six nephrotic children. The determined factor was 1.0. The factor used for potassium was 0.85.
Volume distribution of thiosulfate. This measurement was used as a means of indicating the initial theoretical extracellular volume of distribution of infused sodium. The diffusion from serum of an injected quantity of thiosulfate and its excretion by the kidneys is known to follow the exponential equation At = Aoe't (25, 30 
RESULTS
Partial protocols of the observed data for one normal and one nephrotic child are recorded in Table I . The absence of acidosis or azotemia and details of specific renal functions before, during, and after ACTH therapy are indicated in Table II . The essential data relative to sodium and potassium excretion are summarized in Table IV and Figures  1 and 2. Renal functions Glomerular filtration rates were definitely reduced in two of the four nephrotic children prior to therapy. After diuresis the reduced filtration rates were somewhat improved. The filtration fraction, which was reduced prior to therapy in three of the four nephrotic children, was within normal limits in all of the children following diuresis. TmPAH did not follow a consistent pattern. GFR/Tm ratios were rather uniformly reduced and did not change significantly with diuresis. RPF/Tm ratios tended toward low normal values and were not consistently altered with diuresis.
Neither acidosis nor azotemia were present in these patients. A mild alkalosis was present in each of the nephrotic patients at the end of ten days of ACTH therapy. Slight to marked hypokaliemia was also noted at this time. Serum pro- co to 000
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In 0% in 0 0% U) 00 1.. Solute diuresis In the control individual, urine flows directly proportional to excretion of non-reabsorbed solutes are one feature of solute diuresis (13) . This was true also in the edematous nephrotic child. In a few experiments NH4+ and HPO4= excretion were measured and either decreased or remained unchanged. Titratable acidity was not measured. Urinary pH was usually under 6.0. It was not observed to exceed 6.26 with the sodium loads. The excretion of sodium + potassium was roughly equivalent to that of the non-reabsorbable anion + chloride at all levels of solute excretion.
Sodium excretion
In the control subjects, the rate of sodium excretion increased approximately five to seven fold during infusion of the load (Table I) . Approximately half of the infused sodium was excreted during the period of loading (Table III) . Similar ratios, derived from data on the four nephrotic children, are compared to the control subjects' response. The relative excretion of filtered sodium by the nephrotic children is impaired during edema before therapy, but is at least equivalent to the controls' response at the onset of and after diuresis. In contrast to the sodium excretion response, the relative excretion of potassium by the nephrotic children, irrespective of the state of edema, was greater than that of the "normal" subjects. When filtered potassium excretion of the nephrotic subjects exceeded that of the control subjects by a ratio of about 1.5, potassium secretion usually was present in the nephrotic children.
In the edematous nephrotic patients prior to ACTH therapy and during infusion of the load, the increased rate of sodium excretion was much greater than in the control subjects owing to the extremely low initial value. The quantity of sodium excreted, however, was considerably less than in the control. The proportion of the total filtered sodium excreted per unit time was about two-thirds of that observed in the control subjects (Figure 1 ). Less than one-fourth of the infused sodium was excreted during the period of loading (Table III) . This relative sodium retention during the three-hour study was not solely the result of excessive tubular reabsorption, since dilution of the infused sodium load in a very large volume of edema fluid reduced the quantity presented for filtration during the initial periods of the study.
Following the first few days of ACTH therapy, retention of the infused sodium load was slightly increased (Table III) The averaged data for each period in thirteen of the sixteen studies indicate that potassium secretion in the nephrotic patients commonly results from infusion of the hypertonic sodium load, irrespective of the state of edema. Although increased excretion of potassium occurs in the "normal" control subjects in response to similar loads, potassium secretion was not observed.
creted as rapidly as it was filtered 8 (Table IV) and net retention attributable to reabsorption of that portion of the load which was filtered no longer occurred. Glomerular filtration rate was increased in three out of four patients at the onset of diuresis. The proportion of filtered sodium excreted per unit time was equivalent to that observed in the normal subjects (Figure 1) .
Similar results obtained following diuresis, when the nephrotic children were non-edematous. At this time, the net retention of the infused sodium load was less than that observed in the same patients at the onset of diuresis, or in normal subjects (Table III) .
Potassium excretion
In the control subjects, potassium excretion was increased three to five times during the hypertonic sodium loads, as previously demonstrated (11) (12) (13) 18) . Quantitatively, the level of potassium excretion was about one-third to one-fifth that of sodium (Table I) . During the sodium load, 40 to 60 per cent of the filtered potassium was excreted. Excretion of potassium in amounts greater than those simultaneously filtered was not observed in any of the 30 load periods.
Prior to therapy, with the exception of one patient (D.F.), the pattern of excretion of potassium by the edematous nephrotic children during the hypertonic sodium loads differed from that observed in normal subjects. In three of the four patients, a 10 to 40 fold increment in potassium excretion was observed.9 In these instances the 8 In order to compare the acute renal response of edematous and non-edematous subjects to infused substances which are distributed largely in the extracellular fluid, it is necessary to devise some correction for the edema. A method by which this may be achieved has been described (31) and was used to calculate the quantity of the infused sodium load filtered by the kidney per unit time. This small quantity of sodium represents only a part of the total filtered sodium per unit time. It is the product of the virtual concentration of the infused sodium which is retained in the extracellular fluid and the rate of glomerular filtration of water. The total filtered sodium, of course, is the product of the total concentration of sodium in the extracellular fluid and the rate of glomerular filtration of water. 9 Similar results have been obtained in six other nephrotic children. Unpublished data obtained in previous studies (12) indicate that the urinary K/N ratios were considerably greater than 3 during and immediately following the loads. excretion of potassium was, on the average, equivalent to that of sodium (Table IV) . Potassium excretion exceeded amounts simultaneously filtered in most periods ( Figure 2) ; however, as indicated in Table IV , the total cumulative excretion of potassium was not always greater than the total amount filtered during the entire three hours of the study. Potassium secretion (32) was greatest in the patients with lowest filtration rates and was likely to occur even when extracellular fluid concentrations of potassium were extremely low, as shown in Table I . In the post-diuresis phase in this patient (M.P.), potassium secretion ceased as the filtration rate rose during the study. Per unit quantity of potassium filtered, the nephrotic patients excreted two to three times more than did the control subjects (Figure 1 ).
During ACTH therapy, similar but further exaggerated potassium excretion responses were noted in all nephrotic patients.
With the onset of diuresis, excretion of potassium in amounts greater than those simultaneously filtered continued in most periods in three of the four patients, in spite of abundant sodium excretion and elevated glomerular filtration rates. Per unit quantity of potassium filtered, the nephrotic patients excreted approximately 1.5 to 2 times that observed in the normal children.
Some days later, similar results were obtained in the non-edematous state in three of the four patients (Table IV, Figure 2 ) despite recovery of a normal pattern of sodium excretion (Figure 1) . 10 In all, potassium secretion was elicited by sodium loads in 88 of 155 load periods in thirteen of the sixteen studies on nephrotic patients. In one of four studies in one patient (D.F.) and two of four in another (A.S.) potassium secretion was not caused by the sodium loads.
In both normnal and nephrotic subjects, the amount of potassium excreted was greater than could result from the decrease in potassium content in the extracellular fluid. A considerable portion of the excreted potassium therefore appeared to be replaced by extrusion of potassium from the intracellular phase 11 and accompanied 10 Total circulating plasma proteins (total protein times plasma volume (T-1824)) were increased and urinary protein excretion was decreased at this time.
11 Calculations such as these are limited by the assumption that the infused sodium remains largely in the ex- (47) . Water excretion "Normal" children excreted 3 to 5 ml. of water per 100 ml. of glomerular filtrate during the solute load.
The fraction of filtered water excreted by the untreated edematous nephrotic children in the preloading periods was approximately one-third that of the normal subjects. With the induction of the intravenous solute load, the proportion of filtered water excreted doubled and averaged 75 to 85 per cent of that observed in the normal children. A dissociation in relative excretions of sodium and water in response to the loads therefore was evident. This phenomenon has been noted with other types of solute diuresis (34) .
With the onset of diuresis, and in the non-edematous state thereafter, the nephrotic subjects excreted 5 to 8 ml. water per 100 ml. glomerular filtrate during the solute loads.
DISCUSSION
The data reveal that "normal" children and nephrotic children respond to two sodium nonreabsorbable anion loads in distinctly different ways, the difference lying principally in the handling of potassium rather than of sodium.
The excretion of sodium, infused as hypertonic Na2S2,O and NaPAH, by the control subjects was comparable to excretions observed during infusions of hypertonic NaCl loads in adults (35) . During accumulating edema the nephrotic patients (except D.F.) excreted considerably less of the sodium load than did the normal subjects during the short period of observation. The reduced excretion of sodium at this time is consistent with the concept of glomerulo-tubular imbalance (9, 10) . However, since the infused sodium load is distributed in a much larger diffusion volume in the edematous patient, turnover is slower and less of the infused load is filtered per unit time; thus a lesser amount of the injected load is available for excretion during the relatively short time of study. Diffusion into the edema fluid, augmented by the diminished serum oncotic pressure represents a peripheral effect on net sodium retention and is in accord with the "oncotic hypothesis" (2, 3) . At the onset of diuresis before there was appreciable change in edema or hypoproteinemia,12 sodium load excretion became entirely normal. Glomerular filtration rates tended to increase; Il however if glomerulo-tubular "imbalance" (10) is reflected in the GFR/Tm ratio, then glomerulotubular "imbalance" persisted at this time and after diuresis was completed, although marked diminution of sodium reabsorption was observed. The rapidity with which the pattern of renal sodium exchange reverted to normal was striking. If the basic defect was in sodium excretion due to glomerulo-tubular imbalance and/or excessive elaboration of a specific sodium retaining hormone, then these presumably no longer obtained. Since renal tubular potassium secretion persisted at this time (except in A. S.) and did not occur in the normal individuals under similar circumstances, a cellular defect in retention or transport of this essential intracellular ion appears possible. In the nephrotic syndrome, renal tubular potassium secretion is apparently not dependent upon increased sodium reabsorption. Return to normal patterns of potassium exchange appeared delayed for longer than the period of study, i.e., more than five to 12 It is possible, but unlikely, that specific plasma albumin concentration had increased and concentration of the alpha and beta globulins had decreased proportionately with net increase in oncotic pressure but without change in total protein concentration.
15The improved filtration rate and filtration fraction with ACTH therapy (21, 36) may result from improvement in the thickened glomerular basement membrane, which appears to be a primary lesion in the nephrotic syndrome (22, 37, 38) . With an improvement in this lesion, diminished glomerular permeability to albumin has been reported (10) . The consequent sparing of plasma protein not only increased oncotic pressure, but undoubtedly replenished the depleted cellular protein stores. seven days following onset of diuresis. Intracellular potassium accretion in amounts relatively greater than nitrogen and extrusion of significant quantities of intracellular sodium have been noted with successful adrenocorticotropin (ACTH) therapy (39) .
The oncotic and glomerulo-tubular imbalance hypotheses contribute important descriptions of phenomena associated with edema. They do not account however for those mechanisms which cause the kidney tubular cell to regulate the reabsorption of sodium during edema and diuresis in the nephrotic syndrome. Variations in secretion of a specific sodium-retaining steroid by the adrenal cortex could account directly for alterations in sodium excretion (40) . With predominant emphasis on sodium reabsorption, renal removal of an infused sodium plus non-reabsorbable anion load would obligate excessive potassium excretion. But why should such a hormone be elaborated in the nephrotic syndrome or by individuals on low sodium diets (41) ? Further, a predominant effect on sodium reabsorption would not explain excessive potassium excretion during sodium diuresis, unless anion excretion was the primary determinant of urine composition during diuresis.
There are too many gaps in current knowledge to resolve the complex interrelationships characterizing nephrotic edema in a completely satisfactory way. However, proceeding from the premise that a cellular defect, as suggested by the load studies, as well as a glomerular membrane lesion characterizes the nephrotic syndrome, reorientation of the available data offers certain attractive features. For example, following primary immunogenic insult a glomerular membrane lesion (37, 38) would result in the characteristic loss of plasma albumin and diminished capillary oncotic pressure (2, 3) . The decreased plasma volume attending plasma albumin depletion (42) might favor elaboration of antidiuretic substances (10) which induce renal retention of water. Assuming utilization of intracellular protein to replace plasma protein losses, the resulting protein deficit would be expected to release a corresponding quantity of potassium which would be removed immediately by the kidney (43) . In the presence of peripheral water retention caused by reduction of oncotic pressure and on the premise of osmolar equality of intra-and extracellular fluids, reduction of osmolarity of both fluids is inevitable 14 unless the solute concentration of extracellular fluid can be raised. Retention of sodium obviously serves this end. Osmolar equality would be preserved either by transfer of intracellular water to the extracellular compartment or by entrance of sodium into cell fluids. According to this sequence of events, the loss of potassium and the retention of sodium can be traced to deficit of protein through the glomerulus.
However, certain observed features of the loss of potassium indicate that this process is not entirely incidental to loss of intracellular protein.
For example, this sequence would not account for the ready loss of potassium in response to sodium loading during the post diuresis phase when proteinuria was decreased and circulating plasma protein was increased. Other load studies during edema have shown that when potassium is lost, the loss is in excess of nitrogen, thus suggesting depletion of intracellular potassium. The behavior of potassium under the conditions of these experiments suggests that other disturbances in the organization of cell fluid and electrolyte transport besides loss of protein are operative. The evidence suggests that these disturbances have an important position in the pathogenesis of edema in the nephrotic syndrome.
In the presence of 1) depletion of plasma and intracellular protein, 2) disturbance of cell solute control permitting excessive outgo of potassium, and 3) water retention from reduction of plasma oncotic pressure, the kidney appears to remove potassium rapidly in defense of the plasma potassium concentration and withhold sodium to support body fluid osmolarity. In this view the altered patterns of renal tubular function observed in the nephrotic syndrome may be regarded as defensive adjustments to glomerular, cellular, and hemodynamic disturbances. SUMMARY 1. The responses to intravenous infusions of hypertonic sodium plus non-reabsorbable anion loads were compared in four nephrotic and three control children during accumulating edema, at the 14 Some such readjustment could account for the observed hypotonicity of extracellular fluid in the nephrotic syndrome (9, 44, 45) . onset of diuresis induced by ACTH therapy, and after diuresis was completed.
2. Excretion of the infused sodium load was impaired during accumulating edema. It was equivalent to or better than that of the control children at the onset and after completion of diuresis.
3. Excessive excretion of potassium, usually in amounts greater than simultaneously filtered was observed in the nephrotic children, not in the controls.
4. This excessive excretion of potassium was elicited at the onset and after completion of diuresis despite improved glomerular filtration rates and essentially normal sodium excretion. The excessive excretion with secretion of potassium in the nephrotic syndrome appeared, therefore, to be independent of sodium reabsorption. 5 . A significant proportion of the potassium removed from the extracellular fluid and excreted in the urine was provided by or promptly replaced from the intracellular phase, according to calculation.
6. These observations suggest that renal tubular reabsorption of sodium and excretion of potassium in the nephrotic syndrome may represent a homeostatic kidney response, rather than a disturbance of function; namely, a response to a reversible cell defect favoring potassium loss and indirectly conditioning sodium retention. In this view defective kidney tubule function with reference to sodium is not present.
7. A sequence of events is suggested which relates the glomerular membrane lesion and possible changes in the organization of cellular fluids to the decreased oncotic pressure and the retention of sodium and water which result in edema.
